Abstract In the Western world and developing countries, cardiovascular diseases remain the primary cause of morbidity and mortality. The incidence of cardiovascular diseases is thought to be on the rise, due to an increase in risk factors (e.g. diabetes) and aging of the population. Currently, there is no established clinical method for the in vivo characterization of atherosclerotic plaques and the prediction of ischemic stroke, myocardial infarction and other clinical complications. In this article, we will introduce novel magnetic resonance imaging (MRI) techniques and discuss how these techniques are starting to replace currently established clinical imaging methods for the detection and characterization of atherosclerotic vessel wall changes.
Introduction
In the Western world and developing countries, cardiovascular diseases remain the primary cause of overall morbidity and mortality in the general population [1] . The incidence of cardiovascular diseases, including myocardial infarction, cerebral stroke and abdominal aortic aneurysms, are thought to increase in the future, due to a considerable projected increase in risk factors (e.g. diabetes, obesity) in an aging population. Currently, there are no clinically established methods available for the in vivo characterization of atherosclerotic plaques or the prediction of plaque rupture, which in most cases are the cause of myocardial infarction, ischemic stroke and other severe complications. In most cases, the role of the currently established cardiovascular imaging modalities is limited to the assessment of the degree of luminal stenosis, or the effect this stenosis has on myocardial or cerebral blood flow and perfusion. The degree of stenosis is currently regarded as the gold standard for the clinical evaluation of carotid and coronary artery disease, and treatment decisions are made on the basis of these luminographic measurements. The main limitation of the parameter ''degree of stenosis'' is that it does not allow the differentiation of stable and unstable atherosclerotic plaques [2 •• ] . Therefore, most cardiovascular events cannot be predicted based on this parameter.
Stable atherosclerotic plaques tend to develop gradually over time, sometimes decades, and do not have a tendency for sudden rupture. Often, this type of atherosclerotic plaque can be detected and treated before the associated plaque rupture results in cardiovascular events. For this type of atherosclerotic plaque the degree of stenosis is a relevant and clinically useful parameter. On the other hand, unstable atherosclerotic plaques bear the risk of sudden rupture. Plaque rupture plays a major contribution to the high mortality and morbidity associated with atherosclerotic vessel wall diseases. The detection of these unstable or vulnerable atherosclerotic plaques remains challenging. An increasing number of studies has demonstrated that the majority of unstable or ruptured atherosclerotic plaques can be found in arteries with a degree of stenosis of less than 60 % [3] [4] [5] . This is an alarming observation and explains why this type of atherosclerotic plaque cannot be detected with the currently used imaging techniques. Therefore, new imaging methods and techniques are urgently needed to enable the early detection and characterization of these unstable atherosclerotic plaques. Various previous studies have indicated that noninvasive characterization of plaque composition and visualization of the biological processes on a molecular level are promising approaches for early detection of unstable atherosclerotic plaques.
Currently, clinically established imaging methods rely on the quantification of the degree of stenosis, which is still the reference standard in clinical evaluation of carotid and coronary artery disease. Most treatment decisions are based on these luminographic measurements. A good example, which illustrates the limitations of these methods, is a process referred to as ''positive vascular remodeling'', which occurs during plaque formation. Atherosclerotic plaques, especially unstable atherosclerotic plaques, progress not only towards the vascular lumen (negative remodeling), but also grow away from the vascular lumen (positive remodeling). In the latter case, plaques will not cause significant narrowing of the artery, despite a significant overall enlargement of the plaque. This progression pattern is a typical feature of unstable atherosclerotic plaques [6] , and explains why this type of plaque cannot be detected by luminographic imaging methods or techniques for the quantification of myocardial or cerebral perfusion of blood flow [7] .
Compared to these imaging modalities, non-contrast enhanced and contrast enhanced magnetic resonance imaging (MRI) is an excellent imaging tool for the characterization of atherosclerotic plaques. Today, non-contrast enhanced MRI is feasible in the visualization and characterization of different atherosclerotic plaque components in the coronary artery, carotid artery and aorta. Clinically evaluated unspecific MRI contrast agents also enable a sensitive and more detailed visualization of other plaque components, e.g. the fibrous cap and necrotic core. The use of specifically targeted molecular MR probes permit detection and quantification of specific molecules, proteins or cells within the plaque. Such probes could enable an early and specific detection of molecular processes during disease development, and thereby facilitate the early detection of unstable atherosclerotic plaques. Detailed detection and imaging of this plaque formation process could represent a novel diagnostic basis upon which treatment decisions can made, and response to therapy could be measured and quantified.
In this article, we will introduce novel MRI techniques, and discuss how these techniques are beginning to replace currently established clinical cardiovascular imaging methods for the detection and characterization of atherosclerotic vessel wall changes.
Biological Background of Atherosclerotic Vessel Wall Changes
Atherosclerosis is slow-progressing disease (Fig. 1) . The earliest changes, which lead to the development of atherosclerotic plaques, occur in the arterial intima of the affected artery. If the endothelial barrier is damaged by for example toxins, it becomes leaky and an influx of cholesterol and modified lipids cannot be prevented anymore [8 • ]. This represents the initial event and a starting point from which atherosclerotic plaques begin to develop. Low-density lipoproteins (LDL) are considered to be precursors of atherosclerotic plaques. The accumulation of LDL in early plaque-stages leads to a local inflammatory process, which subsequently results in the activation of endothelial cells. After activation, these cells express certain signaling molecules on their cellular surface, e.g. vascular-celladhesion-molecule-1 (VCAM-1). These surface markers then enable and catalyze the recruitment and influx of more inflammatory cells from the blood stream into atherosclerotic plaques. Within the atherosclerotic plaque, inflammatory cells start to phagocytose modified LDL particles. During the progression of atherosclerosis, activated macrophages accumulate cholesterol, one of the main molecules within the plaque. Subsequently macrophages transform into so-called foam cells. During this process, macrophages also express proinflammatory markers, e.g. different types of matrix metalloproteinases and cytokines. These markers attract more proinflammatory cells that contribute to a further destabilization of the atherosclerotic plaque [8 • ]. Apart from macrophages and leukocytes, smooth muscle cells play an important role in the initiation and progression of atherosclerotic plaques. Smooth muscle cells are mainly responsible for the expression of extracellular matrix proteins, such as collagen and elastin. Extracellular matrix proteins represent a major component of atherosclerotic plaques in the different phases of plaque progression. The relative composition of the atherosclerotic plaque regarding different plaque components, e.g. the necrotic core and extracellular matrix, has been shown to allow a differentiation of atherosclerotic plaques regarding their stability. If a large necrotic core develops, which mainly consists of modified lipids and cholesterol cells, atherosclerotic plaques are considered to be unstable or vulnerable [9] . If the extracellular matrix represents the major part of the matrix, with elastin and collagen as main components, atherosclerotic plaques are considered as stable [2 •• ] . These classifications are derived from various in vivo (e.g. intravascular ultrasound) and ex vivo (e.g. postmortem) studies, which have extensively characterized ruptured and un-ruptured atherosclerotic plaques in a large number of patients [ 
Other properties, which are associated with plaque instability, include neoangiogenesis (new vessel formation) within the plaque. Especially in advanced atherosclerotic plaques, these new vessels can become leaky and cause an accumulation of blood in the plaque matrix or intraplaque hemorrhage.
Apart from these differences in plaque composition, it has also been shown that the overall size of the plaque, the atherosclerotic plaque burden, is an indicator for plaque instability. It is, however, important to mention that plaque burden cannot be assessed with luminographic methods, e.g. catheter angiography. This is owing to the fact that atherosclerotic plaques expand not only into the direction of the vascular lumen (negative remodeling), but also towards the vessel wall (positive remodeling). Hence, luminographic methods can only detect the degree of the negative remodeling. Various studies have shown that the degree of luminal stenosis is not a parameter that allows noninvasive differentiation of stable and unstable atherosclerotic plaques [2 • ]. This is of high significance, as current treatment decisions are nonetheless based on the measurement of the degree of luminal stenosis.
The coronary arteries and the carotid arteries are the two main vascular beds in which unstable atherosclerotic plaques develop. In consequence, these two vascular beds have been extensively investigated and characterized in the context of atherosclerosis [10] . Many overlapping features exist between the properties and the composition of carotid and coronary atherosclerotic plaques, but there are also some differences. It is thought that most of these differences are the result of a higher arterial flow in the carotid arteries compared to the coronary arteries. The higher arterial flow causes stronger shear forces to act on the vessel wall, which affects the endothelial surface of the atherosclerotic plaque. Therefore, a higher percentage of plaque ulcerations are observed in the carotid arteries [11] . Even though there are some distinct differences, it was shown for both the coronary and carotid arteries that rupture of unstable atherosclerotic lesions leads to symptomatic disease, and that the degree of luminal stenosis does not allow a distinction between unstable and stable plaques. Currently, as already described for the coronary arteries, treatment decisions regarding the management of carotid artery disease are also based on the degree of luminal stenosis. Atherosclerosis is a slowly developing disease and goes through different phases. One of the earliest processes that can be observed is the influx of cholesterol into the arterial intima. Hence, a local inflammatory process is initiated, with the subsequent expression of extracellular matrix proteins and the formation of a lipid core including a fibrous cap. In contrast to these very slowly developing processes, plaque rupture with associated luminal thrombosis occurs within days. Consequences of sudden plaque rupture can be myocardial infarction and ischemic stroke
Principles of Molecular Magnetic Resonance Imaging
In molecular magnetic resonance imaging, specifically targeted molecular probes are used for the detection and quantification of certain proteins, molecules or cell types in vivo. Molecular magnetic resonance imaging is an emerging technology compared to already established nuclear molecular imaging techniques, which include single photon emission computed tomography (SPECT) and positron emission tomography (PET). The main advantage of molecular MRI, especially in the context of atherosclerosis, is that imaging can be performed with a high spatial resolution. This allows not only the detection of the molecular probe, but also the characterization of the spatial distribution of the probe within the plaque. This unique information cannot be derived from nuclear imaging methods, as these techniques provide a low spatial resolution compared to MRI. The advantage of nuclear imaging techniques, however, is that the sensitivity for the detection of the molecular probe is higher [12] . A major disadvantage of nuclear imaging techniques is the need for ionizing radiation.
There are various types of molecular MR agents [13] . Iron-oxide-based and gadolinium-based molecular MR probes are most commonly used. Depending on the type of contrast agent, they affect either the longitudinal (T1) relaxation time or the transverse (T2) relaxation time of water protons. These effects can be detected with specific MR sequences. This kind of contrast mechanism is the main difference between MR and nuclear probes. Nuclear probes are detected directly, due to the radiation they emit. MR contrast agents, on the other hand, can only be detected indirectly by visualizing the effect they have on surrounding water protons.
The design of a molecular MRI probe determines whether the molecular probe binds actively or passively to its molecular target. Actively binding molecular probes selectively bind to specific molecular targets. In most cases, the binding mechanism is based on specific peptides or antibodies on the surface of the probe, which have a high affinity for a specific molecule or protein. Passively binding molecular probes are indirectly bound to their molecular target. Iron oxide based particles are an example of a particle with this type of binding mechanism; the iron oxide particles are phagocytosed by activated macrophages and are therefore specifically accumulated in this type of proinflammatory cell. Macrophages incorporate the particles and label themselves with the molecular probe. And thus, they become detectable by MRI.
Iron-oxide-based molecular probes belong to the group of T2 and T2* shortening agents. The effect this type of molecular probe has on the T2 and T2* relaxation time is much stronger compared to the effect it has on the T1 relaxation time [14, 15] . The shortening of the T2 and T2* relaxation times leads to signal voids in the acquired image, by which these molecular probes can be detected [16] . Iron-oxide-based molecular probes have been extensively tested and evaluated in preclinical and clinical MRI studies in the context of atherosclerosis. In recent decades, various research groups and companies have put effort in the development and optimization of these particles. A variety of different forms and compositions of iron oxides particles have been developed and tested for different applications [17] . Iron-oxide-based molecular probes can be categorized into groups with a long and a short blood half-life. Superparamagnetic iron oxide particles (SPIO) are particles with a short blood half-life. The main advantage of these particles is that they are rapidly cleared from the blood stream by the liver and the reticuloendothelial system. Due to the fact that these particles specifically accumulate in these tissues, they have been studied extensively for imaging and characterization of the liver and of lymph nodes.
Ultrasmall superparamagnetic iron oxide particles (US-PIO) are particles with a long blood half-life. As the particles are typically coated by for example different types of dextrans, they do not tend to aggregate and remain in a monodispersed form in solution. Due to this difference in composition, they remain in the blood stream much longer. The long circulation time-in some cases more than 24 h [17]-allows macrophages in the blood stream to phagocytose the particles. These iron-oxide-labeled macrophages ultimately migrate to areas of focal inflammation, where they can be detected and quantified by molecular MRI. As a result of the specific properties of these long circulating particles, they have mainly been used to study inflammatory processes, including the inflammatory burden of atherosclerotic plaques. As iron oxide particles mainly shorten T2 and T2* relaxation times, they are usually visualized with strongly weighted T2 or T2* sequences [18] .
Gadolinium-based molecular probes belong to the group of T1 shortening agents. These types of molecular agents have a more pronounced effect on the T1 relaxation time compared to the T2 relaxation time. Therefore, they can be detected as an increase of signal, i.e. positive signal on T1 weighted images. The shortening of the T1 relaxivity by this type of molecular probe depends on different factors and properties, including the hydration number, the rotational correlation frequency, as well as the exchange rate of surrounding water protons [15] . Molecular T1 MR probes are usually designed to be target-specific by conjugating the signaling part (e.g. a gadolinium chelate) of the agent to a specific ligand, e.g. affibodies, peptides, binding parts of antibodies or small molecules. The binding of the molecular probe to its target significantly reduces the molecular rotation frequency of the probe, which increases the interaction of the gadolinium chelate with surrounding water molecules. This process leads to an increase of the relaxivity (R1) of the probe, and is referred to as receptorinduced magnetization enhancement (RIME). This explains why bound molecular MRI probes have a higher T1 relaxivity compared to unbound probes. Depending on the concentration of the molecular target, different design approaches can be used for the synthesis of the molecular probe. If the molecular target is highly expressed and localized in the extracellular space, a simple probe design can be used, e.g. the target specific peptide can be linked to a single gadolinium DTPA. However, if the molecular target is scarce, larger nanoparticles with more than 90,000 gadolinium ions per particle can be used [19, 20] .
Preclinical and Clinical Molecular MRI Imaging in Cardiovascular Diseases

Imaging of Atherosclerotic Plaque Burden and Extracellular Matrix Components
Various reports, including some recently published studies [2 •• , 4], have shown that atherosclerotic plaque burden is a specific marker for unstable atherosclerotic plaques. The atherosclerotic plaque burden (Figs. 2, 3 ) is a reflection of overall plaque volume, which is the combined result of the positive and negative remodeling of the atherosclerotic plaque. Conventional luminographic techniques, e.g. X-ray catheter angiographies, only allow the assessment of the degree of stenosis. Hence, the differentiation of stable and unstable atherosclerotic plaques is not possible with this method. It currently remains challenging to determine the atherosclerotic plaque burden in clinical practice. The currently established methods are based on invasive techniques like intravascular ultrasound (IVUS). The high prognostic value of plaque burden for the detection of unstable atherosclerotic plaques has therefore been derived from large-scale invasive studies using intravascular ultrasound techniques [2 •• , 21]. It was recently shown that the atherosclerotic plaque burden can also be assessed using molecular MRI [22 •• ] . Using a novel small molecular weight elastin specific MR probe, the atherosclerotic plaque burden can be assessed noninvasively [22 •• , 23] . This was demonstrated in a mouse model (Fig. 4) , as well as in the coronaries of the swine model (Fig. 5) . Area measurements derived from noninvasive measurements using this molecular probe correlated well with area measurements derived from ex vivo histological measurements. The focus of these studies was not only to demonstrate the feasibility of quantification of atherosclerotic plaque burden in a preclinical setting, but also to demonstrate the viability of this approach in coronary arteries using a clinical MRI system and clinically applicable MRI sequences. A different molecular MR probe, which allows the visualization of extracellular matrix components, is Gadofluorine [24] . Different components of the atherosclerotic plaque can be identified in an animal model using this molecular probe (Fig. 6) , including lipid rich areas [25] , neovessel-rich regions [26] , and regions rich in fibrous material (collagen) [27] .
If plaque rupture occurs, an intraluminal thrombus is formed, which occludes the downstream artery and results in a myocardial infarction or cerebral stroke. Direct visualization of the intraluminal thrombus is feasible with noncontrast enhanced T1 weighted MR imaging sequences (Fig. 7) [58] . This imaging approach utilizes the high methemoglobin content within the thrombus, which leads to a stronger shortening of the T1 relaxation time, and thus images of the thrombus as a bright spot.
Fibrin is another promising molecular target in the context of atherosclerotic plaque progression and rupture [27, 28] . Fibrin plays an important role during the initial formation and the subsequent progression of atherosclerotic plaques [22 •• , 29] . Also, fibrin is a key protein in thrombus formation following the rupture of the fibrous cap of an atherosclerotic plaque. Different molecular probes have been successfully developed to image this protein [19, 30] . One of the most promising candidates is a small molecularweight fibrin-specific molecular probe, which is comparable to clinically used gadolinium-based contrast agents with respect to size and biokinetic properties [15, 31] . Due to its high relaxivity, this molecular MR probe has a high sensitivity for the visualization of fibrin within the atherosclerotic plaque and the thrombus. In preclinical studies, coronary in-stent thrombosis was visualized in an experimental swine model [29] . As a result of this successful preclinical evaluation, this small fibrin-specific gadoliniumbased probe was translated into the clinical phase. It was the first molecular MR probe shown to be feasible in preclinical experiments as well as clinical applications [32] . The probe was successfully applied and evaluated in patients for the molecular in vivo detection of cardiac, carotid and aortic fibrin-rich thrombi [32] . Other types of fibrin-specific MR contrast agents, including larger nanoparticles, have also been developed and preclinically tested. Due to their composition, however, most of these agents could not be translated into clinical patient studies [19] .
Imaging of Atherosclerotic Inflammatory Burden, Endothelial Markers and Intraplaque Neovascularization
Inflammatory processes are part of the key biologic events that play an important role in the initiation, development Fig. 2 Assessment of coronary plaque burden and arterial remodeling in patients using cardiovascular magnetic resonance imaging (MRI). In this study, the wall of the coronary arteries was characterized using unenhanced MRI sequences. a Magnetic resonance angiography of the left main coronary artery. b, c Corresponding cross-sections of the arterial lumen and the arterial wall. For imaging of the coronary vessel wall, a T2 weighted imaging sequence was used. This technique allowed the clear quantification of the positive and negative remodeling of the arterial wall and the assessment of the coronary plaque burden. Adapted from [55] , with permission Fig. 3 Imaging of the coronary artery wall using radial imaging techniques. Magnetic resonance angiography (a) and vessel wall b images of the course of the right coronary artery. In this study, a radial MR imaging technique was used. The right coronary artery including its vessel wall is imaged in its almost complete length from the origin in the aortic wall (Ao) to its distal segments. Adapted from [56] , with permission On the left, enhancement of the normal arterial wall following administration of the elastin specific contrast agent in a control animal can be appreciated. In the bottom row, fusion of the contrast enhanced images with a time of flight angiography, confirming the localization of the probe in the anterior wall. In the middle row, significant increase in atherosclerotic plaque burden can be appreciated after the administration of the molecular probe. In vivo measurements of plaque burden significantly correlated with ex vivo histological measurements. On the left, images after treatment with anti-inflammatory medication. The molecular probe allowed the clear quantification of the response to treatment. b Immunoblots confirming the progressive expression of elastin during the development of the atherosclerotic plaque and a reduced expression after treatment. c Chemical structure of the elastin-specific molecular probe. d Electron microscopy confirmed the colocalization of the molecular probe with elastic fibers in the atherosclerotic plaque. Adapted from [22] , with permission of macrophages in the fibrous cap [8 • , 33] . The detection and quantification of these proinflammatory cells has been shown to be especially useful for the differentiation of stable and unstable atherosclerotic plaques. As discussed earlier in this article, the detection of macrophages using iron-oxide-based probes has become one focus of molecular MRI in the past years [34] . The first studies demonstrating successful in vivo imaging of macrophages in atherosclerotic plaques were published more than a decade ago in an experimental model [35, 36] . Since then, various studies have investigated and successfully demonstrated the feasibility of the quantification of the inflammatory burden of the atherosclerotic plaque using iron oxide particles [34, 37] . It was also shown that response to antiinflammatory therapies could be assessed noninvasively using iron oxide particles [37] . One potential drawback of T2 and T2* shortening probes is that they can only be detected by the resulting signal void in the acquired image. Signal voids can, however, also be caused by tissue interfaces and motion artifacts. Therefore, it can be challenging for the reader to accurately detect these particles in the acquired image. Due to these limitations, novel positive contrast techniques have been developed (IRON, SGM, GRASP). These sequences or postprocessing techniques allow the sensitive detection of iron oxide particles with a positive contrast. They also enable the differentiation of signal voids caused by iron oxide particles from signal voids caused by imaging artifacts [23, 38, 39] . Adhesion molecules, which are expressed by endothelial cells, are another class of biomarkers used to evaluate the inflammatory state of the atherosclerotic plaque. The most prominent and frequently investigated surface molecules in use are E selectin and the intracellular adhesion molecule 1 (VCAM-1). The main role of these surface molecules is to attract proinflammatory cells from the blood stream. Different molecular MR probes have been developed and extensively studied in different models [40, 41] . The main advantage of this type of molecular target is that it is expressed on the endothelial surface of the plaque, and is therefore directly accessible for intravenously administered molecular probes. Using a VCAM-1 specific molecular probe allows the sensitive detection of these surface markers in atherosclerotic lesions in the aortic arch in T2* weighted sequences [42] .
The endothelium's ability to dilate in response to exercise or pharmacological stimuli is an established clinical parameter for the assessment of coronary atherosclerosis. In clinical practice, this parameter is determined with invasive methods (X-ray catheter angiography). Recently, however, it was shown that this parameter can also be assessed noninvasively with MRI [57 •• ] . In this study, a non-contrast enhanced imaging approach was chosen. The authors demonstrated that coronary artery dilation and coronary artery flow assessment with a novel imaging approach is feasible (Fig. 8) . The technique allowed the detection and quantification of lacking coronary response to stress patients with coronary atherosclerosis, a clinically established marker of coronary atherosclerosis. Results of this noninvasive non-contrast enhanced imaging approach were comparable to invasive measurements using X-ray angiography [57 •• ] .
Another very interesting approach for the characterization of atherosclerotic lesions is the detection of intraplaque neovascularization. During the progression of atherosclerotic plaques, local hypoxia triggers the development of new vessels within the matrix of the plaque and the media of the arterial wall. Various studies have shown that the density of these newly formed vessels correlates with the instability of the plaque [43, 44] . An abundantly expressed marker for these newly developed vessels is the unique surface integrin a v b 3 . This marker is only expressed on the surface of newly formed endothelial cells. This integrin is not expressed by ''regular'' vessels in healthy tissues [20] . Two distinct imaging strategies can be used to detect and quantify the process of angioneogenesis [45] . The direct approach is based on specific molecular MR probes, which target the a v b 3 integrin. It was successfully shown that angioneogenesis can be detected in vivo in a Fig. 7 The direct visualization of intracoronary thrombosis using native magnetic resonance imaging sequences. a The red arrow indicates a thrombus in the right coronary artery of a patient. The thrombus appears bright in the strongly T1 weighted MR image, due to the strong T1 shortening effect of methemoglobin in the intraluminal thrombus. b Image fusion with magnetic resonance angiography confirms the intraluminal localization of the thrombus. c Corresponding X-ray angiography, which demonstrates the almost complete luminal stenosis resulting from the thrombus. d Image of the thrombus, which was removed by catheter-based thrombosuction. Adapted from [58] , with permission rabbit model with atherosclerotic plaques, with a gadolinium-based molecular probe specific for a v b 3 integrin [20] . An alternative and similarly elegant method is the indirect detection of these newly formed vessels by measuring the increase in blood flow after the administration of an unspecific contrast agent [46] . This technique is referred to as dynamic contrast enhanced MRI and can be performed with clinically approved conventional contrast agents. The signal intensity measured in these perfusion scans was shown to correlate with the degree of neoangiogenesis within the plaque. Clinically approved intravascular contrast agents, e.g. the albumin binding gadofosveset trisodium, have been shown to be especially promising for the visualization and quantification of intraplaque angioneogenesis, as well as for the assessment of endothelial permeability [47] [48] [49] .
Regarding clinical translation of the introduced molecular probes in this chapter, iron oxide particles are the most widely investigated MR probes in patients with atherosclerotic vessel wall changes. In a recent study, it was shown that the signal void, which results from the accumulation of iron oxide particles, is associated with unstable atherosclerotic plaques [50] . A different study has shown the amount of iron oxide accumulation in plaques to closely correlate with the amount of macrophage infiltration [51] . Another significant study demonstrated that patients with symptomatic disease have a higher uptake of iron oxide particles into the plaque compared to asymptomatic patients [52] . An additional demonstrated that response to therapy could be evaluated noninvasively using iron oxide particles [53] . Specifically, it was shown that the uptake of iron oxide particles was significantly reduced following high-dose statin therapy compared to low-dose therapy. These studies indicate the great potential that lies in the application of these molecular probes regarding disease detection, characterization and monitoring of response to therapy. One potential drawback of iron oxide particles that currently limits their wider clinical application is relatively long clearance time; in some cases, more than 24 h [54] . Various groups are working on approaches to overcome these limitations.
Summary and Conclusion
Atherosclerosis is a slowly developing disease, and in some cases it can take decades until individuals become symptomatic. This vast diagnostic window allows the unique opportunity for noninvasive imaging modalities to detect this disease and thereby provide a basis for primary preventive treatment. Currently treatment decisions in the context of atherosclerotic disease are based on the degree of stenosis, which is typically assessed by X-ray catheter angiography. However, increasing evidence is suggesting that the degree of stenosis is not a clinically relevant parameter for the distinction between stable and unstable atherosclerotic plaque. This is of high clinical significance, as most myocardial infarctions and ischemic strokes result from atherosclerotic plaques, which are not associated with a high degree of stenosis. And so, with the luminographic diagnostic techniques and treatment guidelines in use today, these plaques are not detected and therefore not treated.
During the last decade, MRI has made significant progress and has demonstrated high potential for the in vivo characterization of atherosclerotic vessel wall disease. Various studies have shown that MRI allows the detection of early atherosclerotic vessel wall changes, positive vascular remodeling and plaque burden in patients with atherosclerosis. These noninvasive measurements may help to improve the risk stratification of patients and to initiate preventive therapies. Apart from the detection of atherosclerotic vascular changes, MRI also allows the evaluation of response to therapy. All of these parameters can be assessed without the use of contrast agent. And with administration of clinically approved contrast agents, Fig. 8 Noninvasive non-contrast enhanced MRI of coronary artery dilation and coronary artery flow velocity in patients. a Short axis of the right coronary artery of a patient encoded for flow velocity at baseline. b Corresponding image following cardiovascular stress induced by isometric handgrip exercise. c The charts clearly visualize the differences in coronary blood flow during rest and stress. This study showed that in patients with coronary atherosclerosis, the lack of coronary response to stress could be quantified. This is of high significance, as this is a clinically accepted criterion for the evaluation of coronary atherosclerosis, which can currently only be assessed using invasive methods. Adapted from [57] , with permission further information regarding the relative composition of the atherosclerotic plaque can be gained.
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